Introduction
The tea plant (Camellia sinensis L. Kuntze, Family Theaceae) is native to Southeast Asia but is currently cultivated in more than 30 countries [1] Green tea is produced by rapidly steaming or pan-frying the leaves, thereby inactivating enzymes and preventing fermentation and oxidation that polymerizes monomeric catechins into condensed polyphenols. Thus, green tea leaves contain the highest amounts of monomeric catechins compared to black, oolong, or white tea [2] .
Although traditional green tea as a beverage has a long history of consumption, the use of green tea extracts (GTEs) is a relatively recent development and has gained wide popularity as an ingredient in dietary supplements (DS), sometimes referred to as "nutraceuticals", particularly in products marketed to aid in weight loss [3] . The term "dietary supplement" is a regulatory term that is used for a category of products marketed in the U.S. and in other countries. In the U.S., dietary supplements are defined, and their composition and claims are regulated by the Dietary Supplement Health and Education Act of 1994 (DSHEA). Herbal (or Botanical) Dietary Supplements represent a subcategory of a DS that are herbal in nature. Major constituents of GTE are polyphenolic compounds belonging to the class of catechins, [4] . GTE has been associated with potentially severe and irreversible liver injury [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] In 2008, the United States Pharmacopeial Convention (USP) published a systematic review of GTE safety in which the authors proposed a cautionary labelling statement for inclusion into the USP monograph for Powdered Decaffeinated Green Tea Extract (PDGTE) [19] . Manufacturers claiming compliance with the USP standards for PDGTE would have been required to include this cautionary statement on their product labels.
including: (+)-catechin (C), (-)-catechin-3-O-gallate (CG), (-)-epicatechin (EC), (-)-epicatechin-3-O-gallate (ECG), (-)-epigallocatechin (EGC) and (-)-epigallocatechin-3-O-gallate (EGCG)
However, upon publication of the proposal, USP received various public comments, including from authors of other reviews on the topic [20] , that prompted the organization to place a temporary hold on this recommendation and to monitor the literature for an additional period of time in anticipation of additional supporting evidence [21] .
As part of its continuous revision practice, USP continued to monitor the literature for adverse events related to GTE intake. In 2016, the USP Dietary Supplements Admission Evaluations Joint StandardSetting Subcommittee (USP DSAE JS3), which is responsible for determining admissibility of ingredients for USP monograph development, reviewed data on adverse effects including hepatotoxicity of GTE that had been published since 2008. Based on these data, the DSAE JS3 resolved to re-introduce the cautionary labelling statement in the USP PDGTE monograph [22] . The revised USP PDGTE monograph that contains the label caution statement became official as of March 1, 2019 [23] . The information reviewed in 2016 was insufficient to establish whether the observed GTE hepatotoxic effects were due to intrinsic factors in the GTE or to external factors such as contamination that may be introduced during the manufacturing process. Consequently, USP formed the Green Tea Extract Hepatotoxicity Expert Panel (USP GTEH EP), that was tasked with performing a comprehensive review of the literature on GTE-related hepatotoxicity to better understand the potential relationship between the reported hepatotoxicity and chemistry, manufacturing, and controls (CMC), intake of known constituents of GTE, and the pharmacokinetics and pharmacodynamics (PK/PD) of GTE.
This article reports the findings of the USP GTEH EP comprehensive review. 
Literature search strategy
To retrieve clinical data, animal pharmacology and toxicology information, CMC, and pharmacokinetics data, systematic searches were performed in PubMed and other relevant databases covering the period from June 2008 to September 2017, using the search strategy shown in Fig. 1 and search terms listed in Table 1 . The search results were supplemented/expanded with searches in Google Scholar as well as a manual search of references listed in review articles. The article titles and abstracts were reviewed by three members of the USP GTEH EP (ALR, RK and HAO-R) to identify articles relevant to GTE or green tea (considered relevant if the abstract mentioned GTE, tea polyphenols, EGCG or Polyphenon™). The selected articles were categorized into four groups based on their relevance to CMC, PK/PD, and non-clinical and clinical safety.
Data relevant to CMC were extracted from articles retrieved from searches in various databases as described above (see 2. Literature Search Strategy) to identify the range of manufacturing processes and the composition of the extracts resulting from various manufacturing processes, including natural constituents and contaminants (e.g., pesticide residues, toxic elemental impurities, solvent residues, pyrrolizidine alkaloids, and microbial contaminants). The Expert Panel also received unpublished information on CMC from some GTE manufacturers.
Data relevant to the absorption, distribution, metabolism, and excretion (ADME) of green tea constituents were extracted and reviewed. Data from in vitro studies and from non-clinical animal and human clinical studies were considered.
Data from clinical and non-clinical (animal) studies were extracted from a total of 204 clinical research articles and 127 non-clinical research articles published in the peer-reviewed scientific literature (Fig. 1) .
Additional studies, including some published prior to 2008, were identified by exploring references in recent green tea safety review articles [9] [10] [11] 24] . For completeness, our safety data review included investigations using GTE (decaffeinated or non-decaffeinated), green tea beverage, and purified green tea polyphenols such as EGCG, although the USP monograph is for powdered decaffeinated GTE. Two reviewers (HAO-R and ALR) with training and expertise in non-clinical and clinical toxicology ranked the identified studies into one of the following three categories defined by the inclusion/exclusion criteria in Table 2 : 1) not useful for safety review; 2) limited usefulness (qualitative or hazard identification level of information only); and 3) useful for risk assessment (quantitative dose-response information).
A total of 51 published case report articles reporting 75 individual cases associated with GTE intake were identified. Causality assessment for liver injury was completed by experts from the Drug-Induced Liver Injury Network (DILIN), the official name for a network that was established by the U.S. National Institutes of Health's National Institute of Diabetes and Digestive and Kidney Diseases in 2003 (https://dilin.org/ for-researchers/dilin-overview/). The objective of DILIN is to collect and analyze cases of severe liver injury caused by prescription drugs, over-the-counter drugs, and alternative medicines, such as herbal products and dietary supplements. In this review, we use the term "DILIN" in this context and "DILIN experts" to refer to members of this network [25] .
Detailed cases in published reports were examined by DILIN experts utilizing the DILIN expert opinion causality assessment method [26] . Additionally, because the Roussel Uclaf Causality Assessment Method (RUCAM) is well-recognized and used as a causality assessment method (CAM) for liver injury and validated for assessing causality in liver damage it was also used. A recent article published while this review was ongoing critically reviewed suspected herb induced liver injury by Green Tea Extracts [27] . Thus, DILIN experts also employed the RUCAM scale in assessing causality to determine the likelihood that exposure to herbal dietary supplement (HDS) products containing GTE were responsible for hepatotoxicity. The RUCAM scale is described elsewhere in the literature [28] [29] [30] .
Following the DILIN procedure, 12 participating DILIN experts were divided into four groups with three experts per group, and within these groups of three, each group member was assigned the same cases to analyze. Each member examined the assigned cases individually and determined the causal relationship between the ingested product and the liver injury based on the DILIN scale for assessing the percent likelihood of causality [26] . Prior to determining causality, members determined case quality by considering the minimal elements for reporting drug-induced liver injury as described by Agarwal et al. [31] .
Although the cases were described as liver injury due to GTE, reviewers also scored the potential causality of other agents that were ingested concomitantly. Thus, each reviewer provided three scores for each case: an Overall (drug/HDS) Score indicating the likelihood that the case represented liver injury from a drug or herbal dietary supplement; a Specific Score indicating the likelihood that GTE was a possible cause; and a third score for Other components (drug/HDS name) that was considered potentially responsible. The total score ("Overall Drug Score" for the Drug, i.e., "GTE-specific score", plus "Other Drug Score" (drug name) did not exceed 100 % and none of the two scores was higher than the Overall score. For example, if there were two agents ingested in a case, e.g., GTE and drug x, then the combination of scores for GTE and drug x should not be greater than 100 % (e.g., two scores of possible, or one very likely and one possible, but NOT two scores of definite, or two scores of very likely). Each reviewer also provided comments explaining why he or she decided on the specific score. All data on case quality and causality scores were recorded in Excel score sheets. Severity of liver injury was graded using the criteria developed and published by the DILIN team [26] [26] .
Subsequently, the three members of each group met and adjudicated the cases to reach a consensus on the causality assignment. Thus, the final DILIN causality scores are based on consensus expert opinion. To identify the effects that could be attributed specifically to GTE, the case reports were categorized into two groups based on whether the involved product suspected of causing liver damage contained a single-ingredient dietary supplement (SIDS) or a multi-ingredient dietary supplement (MIDS) based on the information provided in the case reports and/or available on the internet regarding the constituents of the product.
Table 1
Search strategy for identifying clinical and nonclinical literature on green tea extract hepatotoxicity. Each of the green tea terms was searched in combination with each of the toxicity terms and the nonclinical descriptor "animal".
Possible contributions of CMC to GTE hepatotoxicity
The process of manufacturing GTE typically involves extraction of the leaves and stems of Camellia sinensis with water and/or mixtures of water with other organic solvents, most often alcohols, such as methanol or ethanol. If the process also includes decaffeination, non-toxic supercritical carbon dioxide and toxic solvents such as chloroform and dichloromethane may be used. Extracts may be further refined by filtration through a synthetic resin absorbent to remove unwanted residues [32, 33] . Such processes result in GTE with much higher concentrations of catechins compared to traditional green tea (GT) beverages and may also increase the concentration of potential contaminants such as pesticide residues, toxic elemental impurities, or pyrrolizidine alkaloids. Because some of these substances have the potential to cause liver damage, we explored the potential links between their presence in GTE and the observed hepatotoxicity.
High concentration of catechins
Friedman et al. analyzed green tea raw material samples sold in the U.S. market and reported the extractable catechin concentrations after brewing the tea under standard conditions with hot water and other samples of green tea [34, 35] . The results showed that there are considerable differences in catechin content of green tea on the market. Other studies show that extraction methods determine the constituents of green tea extracts [36] . GTEs contain much higher concentrations of catechins than brewed green tea beverages as shown in the examples of Polyphenon, a popular GTE on the market (Table 3: columns 2 and 3 in   the table show concentration of catechins in GTE whereas column 4 shows the concentration of catechins in cut green tea leaves used in beverages/infusions). Green tea aqueous extracts can be further concentrated or purified to obtain a high-catechin fraction with some claiming to contain 80-95 % EGCG by weight [34, 35] .The high-catechin fraction can be prepared by extracting the leaves with organic solvents such as 80 % acetone or 70 % ethanol with or without prior extraction with water [37] [38] [39] [40] [41] . In the early 2000s, one of the most popular commercial GTE containing products in France and Spain was Exolise, an 80 % ethanolic dry extract standardized at 25 % catechins expressed as EGCG. Weight loss products containing Exolise reportedly caused liver injury and were subsequently banned in France and Spain in 2003 [42, 43] .
Unwanted residues and contaminants in GTE

Residual solvents in GTE
Several studies indicate that GTEs manufactured by extraction with organic solvents may contain solvent residues in the final product. In 2011, an independent monitoring group that tested 28 GTEs and 32 finished products (supplements) from different countries (unpublished; courtesy Taiyo Kagaku Co. Ltd.) found trace amounts of different solvent residues in both GTEs and finished products [Online Supplementary Material (OSM) Table 1] . Of the 28 GTEs tested, 16 contained traces of chloroform ranging from 0.01-3.8 ppm, and two of the 28 extracts contained traces of a mixture of solvents (e.g., chloroform, dichloromethane, and ethyl acetate). Of the 32 finished products tested (GTE supplements), 17 contained traces of chloroform ranging Table 3 Relative percentages of catechins in dried green tea leaves (column 2) and GTE extracts ingredients (column 3) and GTE extracts in dosage forms (capsules and extracts) (column 4) on the market [34, 37] and in a popular GTE on the market known as Polyphenon, e.g., Poly 30, Poly 60. These levels of solvent residues are within the permissible limits stated in the USP General Chapter < 467 > Residual Solvents [44] . It was not possible to establish a correlation between the presence of residual chlorinated solvents and liver damage because of the absence of data on the residual solvents in the products that were associated with liver damage in this review. Controlled studies are necessary to confirm or rule out whether residual solvents are involved in GTE associated hepatotoxicity.
Pesticide residues in GTE
Studies have demonstrated that pesticides can be transferred to the finished product during the tea brewing process [45] [46] [47] [48] . A study that tested 18 green tea commercial samples reported significant amounts of pesticide residues in some products [49] . Compliance to pesticide residue limits in tea ingredients varies by country. According to the Global MRL Database (https://globalmrl.com/home/index.html accessed 2019-03-07), the U.S. has maximum residue levels (MRLs) for 34 pesticides for tea leaves as a raw agricultural commodity. In addition, the U.S. has MRLs for 7 pesticides as processed tea leaf food products (e.g., instant tea, packaged or bagged nonperishable processed food). All others must be "non-detectable". By comparison, Canada has MRLs for 18 pesticides in the commodity tea (dried leaves) (Health Canada MRL Database, http://pr-rp.hc-sc.gc.ca/mrl-lrm/results-eng.php accessed 2019-03-07). All other pesticides must meet the general 0.1 ppm MRL as specified in the Canadian Food and Drug Regulations.
Other regions have very different requirements, including Japan and the EU, which permit 247 and 450 pesticide residues, respectively [50] summarized the approved MRL of certain pesticides in teas as set by the EU, EPA, Japan, India, and CODEX.
There were no data about pesticides on the GTE products that were associated with hepatotoxicity. Thus, no correlations could be drawn between pesticide residues in GTE and liver injury. Compliance with the limits for pesticides may protect sufficiently against the risk for liver damage; however, more data are necessary to assess the degree of compliance. Samples reportedly involved in liver damage should be analyzed for compliance with applicable pesticide limits.
Toxic elemental impurities in GTE
Several publications have shown the presence of elemental impurities in green tea leaves [51] , some of which are known to be associated with some degree of hepatotoxicity, specifically arsenic [52] , cadmium [53] , chromium [54, 55] , copper [15] , lead [56] , mercury [57] , and manganese [58] [59] [60] . Because the content of toxic elements was not reported in the cases associated with liver injury, this review could not establish an association between liver damage and the presence of toxic elemental impurities.
Pyrrolizidine alkaloids (PAs)
Contamination of tea with PAs has been reported and is considered to result from co-harvesting the tea leaves with plants containing unsaturated PAs [61] reported that the mean concentration of PAs was 3.8 μg/L and 95th percentile was 6.1 μg/L in 310 samples of green tea infusions in their database [PAs are plant secondary metabolites that have been shown to be hepatotoxic, genotoxic, and carcinogenic] [61] [62] [63] [64] [65] [66] [67] [68] . In the 310 samples of green tea infusion that EFSA analyzed, the main contributors to the total PA concentration were senecionine-Noxide (19 %), retrorsine-N-oxide (18 %), and intermedine and lycopsamine, the latter both contributing 16 % [64] .
The liver and lungs are among the major target organs affected by short-term toxicity of PAs, which has also been associated with the onset of hepatic sinusoidal obstruction syndrome (SOS), also known as hepatic veno-occlusive disease. In the current review, there were no data about PAs in GTE products that were associated with hepatotoxicity. However, the characteristics of liver injury associated with GTE are hepatocellular [9] [10] [11] [12] 69] , which is different from the SOS characterized liver injury induced by PAs [70] .
Pharmacokinetics and pharmacodynamics
Our previous review by Sarma et al. [19] examined four clinical studies involving administration of concentrated GTE as purified EGCG or Polyphenon E (a decaffeinated and defined green tea catechin mixture) that delivered 200−800 mg EGCG to healthy volunteers under fed and fasting conditions [71] [72] [73] [74] [75] . The authors concluded that plasma concentrations of the major catechin, EGCG, were significantly increased when GTE was consumed under fasting conditions compared to fed conditions [reviewed in [19] . Another clinical study reported that relative to day 1 of administration, there was a > 60 % increase in the systemic exposure to EGCG following chronic oral administration of 800 mg EGCG or Polyphenon E once daily for four weeks [72] . The chemical interaction of polyphenols with dietary proteins has been extensively documented in the literature and is well-known to result in reduced bioavailability of tea galloylated catechins [76, 77] .
The potential hepatotoxicity from GTE may be linked to the pharmacokinetic properties of green tea components, particularly the catechins. Numerous reports and meta-analyses of potential GTE-mediated hepatotoxicity suggest that liver damage may occur after ingestion of GTE in high quantities (> 800 mg) or for long periods of time, and the pattern of liver injury is almost always of the hepatocellular type [9] [10] [11] [12] . Typically, liver injury due to GTE exposure manifests within 3 months, but the latency to the onset of symptoms ranges from 10 days to seven months. Most cases present with acute hepatitis symptoms accompanied by marked hepatocellular enzyme elevations [15, 69, 78, 79] .
The pharmacokinetics of catechins is linked to GTE hepatotoxicity. Under specific conditions such as fasting, high doses, and repeated administration of GTE, systemic plasma catechin concentrations are substantially higher compared to when ingested under fed conditions and/or low or single doses [80] . These observations are further supported by a clinical study involving an oral supplement enriched in EGCG of which a 2000 mg dose was administered twice daily to nonfasted patients with chronic lymphocytic leukemia. Of the 42 enrolled patients, six (15 %) discontinued treatment after experiencing ≥ grade 2 transaminitis [81, 82] .
Several pharmacokinetic factors may explain the presumed GTEmediated hepatotoxicity. All are based on the assumption that components in GTE cause hepatotoxicity (i.e., that hepatotoxicity is not due to contaminants or adulterants) and that the toxicity is directly proportional to the component concentrations exposed to the liver. Mechanisms include increased bioavailability of GTE components such as catechins, saturation of drug metabolizing enzymes, or efflux transporters that lead to increased exposure to the parent compounds and, aberrant dissolution of the product formulation which will be discussed in detail in the following sections. These proposed pharmacokinetic mechanisms do not take into account genetic variation of the patients nor idiosyncratic reactions that may be immune response-related.
Saturation of drug metabolizing enzymes or efflux transporters
One clinical study indicated that, whereas EGC and 4′-O-methylepigallocatechin concentrations plateaued in plasma between medium and high green tea doses (1.25 and 1.75 % infusion equivalent to 134 mg and 188 mg EGCG, respectively), EGCG and EC) concentrations did not plateau but increased proportionally with dose (80-188 mg EGCG equivalent). Regardless of dose, catechins appeared rapidly in plasma, suggesting rapid absorption through the small intestine, exposure to the liver, and minimal enterohepatic recirculation [83] . The terminal half-life of EGCG is longer than that of EGC and EC. EGC and EC, but not EGCG, were detected in the urine which may be explained by the binding of galloylated catechins to albumin, which may limit glomerular filtration of EGCG-protein complex in urine [84] [85] [86] . Over 90 % of total urinary EGC and EC was excreted within 8 h. When the tea exposure was increased from 1.5 to 4.5 g, the amount of EGC and EC excreted into the urine increased, but a clear dose-dependent relationship was not apparent [87] .
The difference between EGC and EC versus EGCG pharmacokinetics could be explained by metabolic competition for phase II enzymes, with reduced formation of EGC conjugates at higher tea doses, coupled with competition with an intestinal efflux transporter, leading to reduced efflux of EGC into the intestinal lumen [88] . The data obtained with ileal fluid collected from healthy subjects with an intact colon who were administered Polyphenon E indicated that substantial quantities of Polyphenon E flavan-3-ols and EGCG transit from the small to the large intestine, where they are subject to breakdown by colonic bacteria. EGC and EC were present in plasma as the conjugated forms after Polyphenon E administration [89] . The blood concentration of EGCG increased at higher doses, possibly due to saturable first-pass metabolism after oral administration [71] .
Based on the above observations, EGC and EC appear to be absorbed rapidly into the systemic circulation and metabolized in the intestine and liver at first pass. Comparatively, EGCG absorption was delayed. At higher GTE doses, EGCG concentrations in the plasma increased proportionally.
Bioavailability
EGCG is known to be relatively unstable and susceptible to degradation at high temperatures and at pH > 4 [90] [91] [92] . It is possible that taking capsules containing EGCG without food does not elicit strong responses from the stomach and the pancreas, thereby allowing EGCG to persist longer in the small intestine and enhancing the extent of absorption. Taking EGCG capsules without food could lead to the stomach producing less acidic chyme than when taken with food. The pancreas, in turn, would not secrete bicarbonate to neutralize the chyme in transit from the stomach. Slower gastric emptying in the presence of food most likely prolonged the time needed for EGCG transit to the upper portion of the small intestine. However, given that the systemic exposure to EGCG was much lower when taken with food, some of the extra time was likely spent transiting through the small intestine, where exposure to a higher pH for a longer period of time could have contributed to a higher degree of degradation [93] . In addition, a longer transit time in the presence of food likely would result in a lower C max and AUC, potentially subjecting the liver to lower concentrations of EGCG. Lastly, the AUC 0-8h for EGCG taken without food was significantly higher (by 3.9-fold, P = 0.04) compared to that when taken with food, potentially due to a higher oral bioavailability of EGCG when taken under fasting conditions. It appears that EGCG can modulate its own systemic availability and that food may reduce the toxic potential of acute high oral doses of EGCG.
The systemic availability of EGCG as discussed is consistent with the clinical observation showing that, when GTE is administered under fasting conditions, plasma EGCG concentration increased five-fold compared to when GTE is administered with food [73] . One study involving isolated rat hepatocytes supports the observation that GTE taken with food is less likely to cause hepatotoxicity because hepatocytes exposed directly to EGCG showed a dose-dependent cellular injury and decreased hepatocyte function at concentrations of 10 μmol/L and higher. In addition, rat hepatocytes (permeabilized with the detergent digitonin) exposed to EGCG showed damage of the outer mitochondrial membrane and an uncoupling of oxidative phosphorylation [94] .
Systemic availability of EGCG may also depend on the amount of methylated EGCG present in the GTE. It has been demonstrated that the 3′methylated derivative of EGCG (−)-epigallocatechin-3-O-(3-Omethyl) gallate (EGCG3′Me), is significantly more bioavailable than either the non-methylated or 4′ methylated version of EGCG. In rats, oral administration of 100 mg/kg of EGCG, EGCG3′Me or EGCG4′Me resulted in a much higher AUC for EGCG3′Me compared to the other two forms of EGCG; specifically, there was a nine-fold increase compared to EGCG. A study by Oritani et al. showed that methylation of EGCG significantly modified systemic availability following oral administration [95] . Thus, two factors are worth considering. First, GTE made using leaves from tea plant varieties containing a higher concentration of methylated EGCG, specifically EGCG3′′Me (e.g., Benifuuki, Benihomare, and Tung ting oolong tea), may result in higher systemic exposure to EGCG [96] . Second, gut microbes may play a role in the metabolism of EGCG within the gut, which may result in the conversion of EGCG to a more bioavailable form, thus increasing exposure and bioavailability.
Dissolution of product formulation
An unwanted physical interaction between the capsule shell material and polyphenol-containing extracts may occur [97] . Cellulose and polyphenols have a strong hydrophobic interaction which can significantly reduce polyphenol bioaccessibility [97] . Hydroxypropyl methylcellulose (HPMC)-based capsule shell materials, which are commonly used in human clinical trials involving plant extracts, result in an unfavorable interaction with green tea catechins [98, 99] . Compared to gelatin, HPMC adversely influences capsule disintegration and dissolution characteristics of the green tea catechins, compromising the rate and extent of absorption [98, 100] . Dissolution may be hampered in both the fasted and fed states, with up to one-half of the material remaining undissolved after two hours. Thus, the use of HPMC capsule shell material and cellulose filler might be an additional factor that contributes to the apparent absence of significant hepatotoxic effects of GTE compared to studies in which HPMC was not part of the capsule or filler [101] . This factor could influence the systemic exposure to EGCG and other catechins presented to the liver.
Evidence of ADME that contributes to hepatotoxicity
Our previous review [19] highlighted that systemic absorption of orally administered EGCG was higher in beagle dogs compared with rats (20 % and 1.6-14 %, respectively) [102] [103] [104] . In dogs, there was appreciable uptake of EGCG by the liver (17.5 % ± 4.7 %), reaching concentrations of approximately 150 μg equivalents of EGCG/g wet weight, the liver being the organ with highest accumulation. Similar observations in accumulation were noted in rat and mouse models [102, 105, 106] . The studies in mice showed that administration of a second dose of EGCG resulted in a significant increase in EGCG concentration in all tissues [106] . The effect of fasting on systemic exposure to EGCG was demonstrated in a series of studies with beagle dogs. Pre-fed dogs were administered recrystallized EGCG (91.8 % purity) at doses of 0, 50, 300, and 500 mg/kg bw/day (provided in two daily doses) for 13 weeks and showed no adverse effects that were deemed to be treatment related, whereas fasted dogs administered a spray-dried green tea preparation containing 80 % EGCG at 0, 50, 150, and 500 mg/kg bw/day for 13 weeks exhibited significant toxicity, including morbidity and mortality at 150 and 500 mg/kg bw/day (additional details are provided below in the non-clinical section) [107] .A rat hepatocyte study showed that exposure to EGCG at concentrations of 10 μmol/L or higher during a 24 -h incubation resulted in cellular injury and reduced hepatocyte function. This study provided direct evidence that EGCG may play a role in liver injury of the hepatocellular type observed in cases associated with GTE intake. In addition, EGCG caused damage of the outer mitochondrial membrane and an uncoupling of oxidative phosphorylation in permeabilized hepatocytes (hepatocytes whose cell membranes have been made porous using chemical agents), providing a possible mechanism to explain hepatocyte toxicity [94] . Collectively, high concentrations of EGCG similar to those observed to cause hepatocyte toxicity in vitro can be achieved even at a "regular" dose/intake due to saturation of metabolism or biliary efflux, increased systemic availability from a fasting state, and/or improved bioavailability as a result of formulations with a favorable dissolution profile. Further studies are needed to confirm with certainty that the pharmacokinetics of GTE components are linked to hepatotoxicity.
Evidence from non-clinical toxicity studies
Non-clinical data related to GTE testing were extracted from 127 studies reported in the literature. A total of ten sub-chronic and two chronic toxicity studies of GTE were categorized as useful for risk assessment (category 3) and are detailed below. Hsu et al. assessed the toxicity of an aqueous extract of green tea in 28-day oral gavage studies with male and female ICR mice (n = 10 mice per group) [108] . The mice were orally administered doses of 0, 625, 1,250, and 2,500 mg/kg (equivalent to approximately 4.5, 9.07 and 18.3 mg/kg of EGCG). Lower alanine aminotransferase (ALT) and aspartate aminotransferase (AST) values, compared to the control, were noted in female mice at the 625 mg/kg dose of GTE (equivalent to 4.53 mg/kg of EGCG), but these findings were not considered to be dose-responsive or toxicologically relevant because they were not accompanied by liver weight or histopathological changes. Therefore, the NOAEL for this study was the high dose of 2,500 extract mg/kg (equivalent to18.1 mg/kg of EGCG) [108] . The doses evaluated in the Hsu study, when converted to human equivalent doses (HED; HED (mg/ kg) = Animal dose (mg/kg)/K m ratio provided in Table 1 of [109, 110] ; see details in reference) correspond to 0.37, 0.74, and 1.47 mg/kg EGCG, which are much lower than typical GTE intake levels by humans. Therefore, the negative findings are not surprising and are perhaps more relevant to green tea consumption than to GTE.
The National Toxicology Program (NTP) conducted 3-month oral gavage studies with GTE (an ethanol:water extract of dried green tea leaves with deionized water vehicle) in male and female B6C3F1/N mice (n = 10 animals per group) [111] . The GTE used in these studies contained 48.4 % EGCG and was characterized for identity, purity, and stability. A total of nine constituents GC, EGC, C, EC, CG, caffeine, EGCG, GCG, and ECG were identified and quantified in the test article. Animals were dosed daily 5 days per week with 0, 62.5, 125, 250, 500, or 1000 mg/kg GTE equating to 0, 30.3, 60.5, 121, 242, 484 mg/kg EGCG; and corresponding to HEDs of 0, 2.46, 4.92, 9.84, 19.7, and 39.3 mg/kg EGCG [111] . Death was attributed to liver necrosis at 1000 mg/kg 484 mg EGCG/kg in males 6 of 10 and females 4 of 10. Glycogen depletion was noted at 250 and 500 mg/kg in males and 500 and 1000 mg/kg in females. Finally, increased incidence of centrilobular necrosis was noted at 1000 mg/kg in males and females, and increased incidence of karyomegaly at 1000 mg/kg in females only [111] . While glycogen depletion was noted in the livers of male and female mice at lower doses, it is of unknown toxicological significance, and therefore, the NOAEL for liver effects was 500 mg/kg based on centrilobular necrosis and other histopathological lesions.
Rat
Chengelis et al. conducted 28-day [112] toxicity studies in male and female Sprague Dawley rats (n = 5 per group) with three different green tea catechin-enriched preparations produced by Kao Corporation using a proprietary process: a heat-sterilized preparation (6.9 % EGCG), a preparation that did not undergo heat sterilization (25.1 % EGCG), and a heat-sterilized, decaffeinated preparation (6.4 % EGCG. Male and female rats were administered 0, 500, 1000, or 2000 mg/kg of the heatsterilized preparation or the preparation without heat sterilization, or 2000 mg/kg of the heat-sterilized, decaffeinated preparation. No signs of hepatotoxicity were observed with any of the treatments, thus, the NOAEL for liver effects was 2000 mg/kg 128−502 mg/kg EGCG and HED of 20.6-81.0 mg/kg EGCG) [112] .
The NTP conducted 3-month oral gavage studies in male and female F344/NTac rats (n = 10 animals per group) using the GTE and dosing scheme described above for mice [111] . Calculated HEDs for doses in rats are 4.88, 9.76, 19.5, 39.0, and 78.1 mg/kg EGCG. Liver toxicity was observed in 3 out of 10 female rats only at 1,000 mg/kg GTE. Histopathological changes in this group included hepatocyte necrosis, bile duct hyperplasia, oval cell hyperplasia, and mitosis [111] . The NOAEL for liver effects in male and female F344/NTac rats was 1000 mg/kg and 500 mg/kg GTE, respectively [111] .
In another 3-month oral gavage toxicity assessment, Wang et al. (2012) evaluated Pu-erh GTE in male and female Sprague Dawley rats (n = 40 per group) at doses of 0, 1250, 2500, and 5000 mg/kg. Reported characteristics of the test article indicated that Pu-erh green tea aqueous extracts contained 7.7 % EGCG [113] , resulting in doses of 96.1, 192, and 385 mg/kg EGCG and HEDs of 15.5, 31.0, and 61.0 mg/ kg EGCG. Relative liver weights were increased in males and females in the 5,000 mg/kg groups. Liver enzymes (ALT and AST in males and ALT in females) were also increased. Accompanying histopathological lesions in male and female livers from animals in the 5,000 mg/kg group included minimal bile duct hyperplasia, vacuolation, and inflammation [113] . Therefore, the NOAEL in this study was 2500 mg/kg in both male and female Sprague Dawley rats.
The Japanese National Institute of Health Sciences evaluated GTE in a dosed-feed 3-month toxicity study in male and female F344 rats. The GTE test material (Sunphenon 100S™) was provided in feed at concentrations of 0 (control), 0.3%, 1.25%, and 5.0% for 3 months, resulting in average daily intakes of 180, 764, and 3525 mg/kg, respectively, for males, and 189, 820, and 3542 mg/kg, respectively, for females. The GTE used in the study contained 29.4 % EGCG, resulting in values of 52.9, 225, and 1040 mg/kg EGCG in males and 55.6, 241, and 1040 mg/kg EGCG in females. The corresponding HEDs were 8.54, 36.2, and 167 mg/kg EGCG for male rats and 8.96, 38.9, and 168 mg/kg EGCG for female rats. While no histopathological changes were observed, serum ALT and AST were increased, as were liver weights in rats administered the highest dose. Therefore, the NOAEL was determined to be 764 mg/kg and 820 mg/kg GTE in male and female F344 rats, respectively [114] .
Isbrucker et al., evaluated the toxicity of a purified EGCG preparation in a 3-month study in Sprague Dawley rats [107] . Male and female rats (n = 10) were provided nominal doses of 0, 50, 150, and 500 mg/ kg of EGCG (greater than 77 % purity) in feed. Additional groups were fed either 0 or 500 mg/kg of EGCG followed by a 4-week recovery period. Although there was a statistically significant increase in total serum bilirubin during post-recovery in 500 mg/kg-treated males and females, the increased bilirubin was within historical control values, and was not seen in the groups which did not have the recovery period. This finding was not considered to be toxicologically meaningful, and the NOAEL was determined to be 500 mg/kg (385 mg/kg EGCG and HED equal to 62.1 mg/kg EGCG).
Morita et al., conducted 6-month [115] toxicity studies in Sprague Dawley rats with two green tea catechin-enriched preparations produced by Kao Corporation using a proprietary process: a heat-sterilized preparation (5.9% EGCG) and a heat-sterilized, decaffeinated preparation (5.3 % EGCG). Male and female rats in the 6-month study were administered 0, 120, 400, or 1200 mg/kg of the heat sterilized preparation or 1200 mg/kg of the heat-sterilized, decaffeinated preparation via oral gavage n = 10 animals per group. Clinical chemistry and histopathological assessments were performed, and no signs of hepatotoxicity were noted. Therefore, the NOAEL for liver effects was 1200 mg/kg [115] .
Dogs
Isbrucker et al. [107] reported the findings from a 3-month study with beagle dogs. Male and female dogs (n = 4 per group) were administered capsules containing 0, 50, 150, and 500 mg/kg EGCG (80 %) following a 15 -h fasting period, and dogs were not provided food until 3−4 hours following dosing. Two additional groups treated with 0 or 500 mg/kg were allowed to recover for 4 weeks following treatment. Liver effects recorded in this study included necrosis in two females, one at 150 mg that was sacrificed moribund, and another at 500 mg/kg that died. Other liver-related effects included increased serum bilirubin in all dogs administered the high dose, and increased ALT, AST, and gamma-glutamyl transferase (γ-GT) observed in one or more high dose dogs. The NOAEL for the fasting dog study was 50 mg/kg 80 % EGCG (or 40 mg/kg EGCG). Follow-up studies explored effects of EGCG; HED of 22 mg/kg EGCG in fed dogs and determined a NOAEL of 500 mg/kg.
A second assessment of green tea polyphenols in male and female beagle dogs was conducted by National Cancer Institute researchers [116] . Although the study was originally designed to include a 9-month exposure period in fasted dogs (n = 4-5 per group), it was terminated at 6.5 months due to extensive morbidity and mortality. The test article, Polyphenon E® contained 63.3-64.8 % EGCG. Doses included in the early-terminated study were 0, 200, 500, and 1000/800 mg/kg the maximum tolerated dose was established at 800 mg/kg after 9 days of dosing. Toxicity and deaths occurred at 1000 mg/kg. Significant hepatotoxicity was observed with increases in AST, ALT, alkaline phosphatase (ALP), total bilirubin, and triglyceride levels, centrilobular necrosis, and chronic-active inflammation with infiltration of neutrophils and mononuclear cells evident in the liver along with brown intracytoplasmic pigment in Kupffer cells. A NOAEL was not achieved as effects were observed in the lowest dose group. Therefore the NOAEL was less than 200 mg/kg (128 mg/kg EGCG; HED of 71 mg/kg) [116] .
A follow-up 3-month toxicity study was conducted using a single dose of 200 mg/kg in fed (1 group) versus fasted (3 groups provided 3 lots of Polyphenon E®) male dogs (n = 3 animals per group; males were selected because they appeared to be more sensitive in the early-terminated study. Interestingly, the follow-up study resulted in less frequent and less severe toxicity than the early-terminated study, regardless of fasting state. Some signs of hepatotoxicity were noted including changes in clinical chemistry parameters and histopathological lesions in the liver in two of the three fasted groups. Notably, the lot of Polyphenon E® that elicited severe toxicity in the chronic study (see above) was the least toxic in the follow-up study, regardless of fed or fasted state. It is not clear what role the differences in test material composition played in observed response differences among the treatment groups, and the small sample size precludes definitive conclusions. The authors speculated that the lack of congruence between the chronic study and the follow-up could be due to differences in the dogs (different supplier). Despite the less severe toxicity noted in the 3-month follow-up study, the liver findings in the two groups of fasted dogs support the conclusion that a NOAEL for fasted dogs is below 200 mg/kg/day [116] .
Mechanistic evaluation
A study in CF-1 mice examined the effects of pretreatment with dietary EGCG on hepatotoxicity and systemic availability upon acute oral administration of EGCG [117] . Compared to control (vehicletreated) mice, mice administered 750 mg/kg EGCG daily for three days resulted in an 80-fold increase ALT; an increase in glutathione Stransferase mRNA was also observed. Pretreatment with 3.2 mg EGCG/ g diet for two weeks mitigated this response, resulting in a reduced elevation of plasma ALT by 75 %. These data suggest a putative mechanism by which low-level EGCG exposure in the GTE may mitigate pro-oxidant effects of higher levels of intake and may partly explain the observed variation in hepatotoxic response to green tea extract-containing dietary supplements [117] .
Chronic toxicity and carcinogenesis study of green tea extract
The NTP conducted chronic toxicity and carcinogenesis studies with GTE in B6C3F1/N mice and Wistar Han rats [111] . The test article contained 48.4 % EGCG and doses administered were 0, 30, 100, and 300 mg/kg in B6C3F1/N mice and 0, 100, 300, or 1000 mg/kg in Wistar Han rats administered via oral gavage 5 days per week n = 50 per group for the entire duration of the study. In B6C3F1/N mice, liver findings included increased incidences of hematopoietic cell proliferation and inflammation in the liver of males administered 300 mg/kg. The NOAEL for liver effects in mice was 100 mg/kg for males, with no liver effects noted in females up to 300 mg/kg. In Wistar Han rats, liver findings included increased incidences of hepatic necrosis at 1000 mg/ kg in males and females, and oval cell hyperplasia at 1000 mg/kg in females. The NOAEL for liver effects in rats was 300 mg/kg.
NOAEL for EGCG in mice, rats and dogs
The polyphenol catechins, particularly EGCG, appear to be responsible for the observed hepatotoxicity outlined above [118] . Similar to other botanical ingredients, GTE is a complex mixture with variable constituent concentrations. This complexity is compounded in the case of green tea by the existence of concentrated catechin preparations developed for increased bioactivity, such as Polyphenon E [116] . Considering the variable concentration of the putative toxic constituent, it seems appropriate to compare the NOAEL values across studies using EGCG doses, rather than the GTE doses. To do so, the GTE doses were converted into EGCG doses using information provided about the test article in the various studies (Table 4) .
Conversion of green tea doses to EGCG doses allows for comparison of NOAEL values across studies. The NOAEL in rats and mice was relatively consistent across subchronic studies at approximately 200−300 mg/kg EGCG [111, 113, 114] , with the exception of the Isbrucker et al., rat study where effects were not observed up to 385 mg/ kg EGCG. The remaining subchronic rodent studies that failed to induce hepatotoxicity were conducted at doses well below 200 mg/kg EGCG. [108] included doses ranging from 4.53 to 18.1 mg/kg EGCG. In contrast, two studies in fasted dogs revealed notably lower NOAEL levels at 40 mg/kg EGCG [107] and less than 128 mg/kg EGCG [116] . The 40 mg/kg/day dosage level is equivalent to 22.2 mg/kg/day for humans, according to the U.S. Food and Drug Administration (FDA) guidance on estimating the maximum safe starting dose in initial clinical trials for therapeutics in adult healthy volunteers [110] . This translates to 1554 mg in a 70-kg individual. In comparing subchronic to chronic exposures, the only notable difference in NOAELs is in male mice, where the NOAEL goes from 242 mg/kg EGCG in the subchronic to 48 in the chronic. Hepatotoxicity observed in the reviewed non-clinical studies was characterized by clinical chemistry changes, such as increases in ALT and AST and histopathological lesions in the liver.
Evidence from clinical studies not previously reviewed
Clinical trials
The following clinical studies, published since our 2008 article, provide further evidence in support of the clinical evidence summarized in section 4 above. A total of 204 studies were retrieved for data extraction and of these 20 studies that met the criteria for inclusion (level 3, Table 2 ) were included, and eight additional studies that met the inclusion criteria for level 2 (Table 2) were included as supportive data in the clinical summary. The available data from the 28 studies show that a wide variety of GTE (with different phytochemical constituents), and a wide range of doses have been studied. Durations of treatments varied ranging from a few days to 1 year. The number of subjects treated across studies also varied.
Among the studies reviewed, the Minnesota Green Tea Trial (MGTT) in postmenopausal women provided the strongest evidence for hepatotoxic effects of EGCG [17, 119] . The MGTT was a randomized, placebo-controlled, double-blind trial investigating the effects of daily GTE consumption for 12 months. The objective of the trial was to observe the effects of GTE on biomarkers of breast cancer risk. The dose of GTE (4 capsules) administered in the MGTT contained 800 mg of EGCG. In subsequent MGTT reports, the potential effects of GTE on liver injury measures were analyzed [17] . This analysis included data from 1021 participants 513 in GTE and 508 in placebo arms who had normal baseline levels of liver enzymes ALT and AST. In the GTE arm of the study, serum ALT increased by 5.4 U/L [95 % confidence interval, 3.6-7.1], and AST increased by 3.8 U/L [95 % confidence interval, 2.5-5.1], which was significantly higher than those among women in the placebo arm (both P < 0.001). In total, 26 (5.1 %) of the treated subjects showed moderate or severe abnormalities in liver function tests [120] . The statistically significant odds ratio for developing liver function abnormalities was 7.0 [P = 0.0002; 95 % CI = 2.4-20.3] compared to placebo. The rise-fall pattern of liver enzyme levels that followed challenge-dechallenge-rechallenge cycles of GTE consumption in the MGTT was compelling evidence implicating the effect of highdose GTE on potential liver injury. In addition, there were instances of positive re-challenge when a few of the subjects who had developed evidence of liver injury and who had improved after GTE had been stopped again took GTE and more rapidly re-developed liver injury. The study also considered other pos sible factors contributing to liver injury risk including previously suggested risk factors such as catechol-O-methyltransferase genotype, use of non-steroidal anti-inflammatory drugs and statins, or alcohol consumption, which did not appear to increase the effects of green tea catechins on the liver [120] [121] [122] .
Of the 28 clinical studies included in this review, only one multiphase study with Polyphenon E involving a small number of patients with multiple sclerosis showed overt signs of hepatotoxicity [123] . Phase 1 of the study (n = 10 patients) was intended to assess the safety and futility (inability of a clinical trial to achieve its objectives) of Polyphenon E with the objective of correlating plasma concentrations of EGCG with neuroprotective effects through changes in N-acetyl aspartate (NAA) of Polyphenon E. Phase 2 of the study (n = 13 patients) was conducted to further assess safety and confirm the neuroprotective effects of Polyphenon E. The Polyphenon E used in these studies was a GTE containing 50 % EGCG. Two capsules containing 200 mg of EGCG per capsule were administered twice daily for a total of 800 mg/day for 6 months. ALT and AST data were collected during both phases. One patient discontinued due to grade 1 elevation of liver function tests (LFTs) during phase 1, but the study was halted at phase 2 because 5 of 7 patients in the GTE group developed abnormal LFTs. Hepatotoxicity signals were reported across phases including abdominal discomfort and elevations in liver enzymes (ALT/AST). Identifying trends in liver effects based on dose, length of dosing, and/or patient susceptibility was difficult. Notably two different lots of GTE were used in the studies, one for phase 1 and another lot for phase 2. However, quality control analyses showed similar amounts of EGCG in the different lots and showed similar characteristics in terms of appearance and moisture content. The cause of the difference in toxicity between the phases could not be attributed to differences in quality between the two lots. Differences in amounts of minor catechins between lots could account for the differential toxicity, and differences in these catechins relative to the EGCG peak across lots was noted, but no absolute quantitation was conducted. In addition, differences between lots in the number of minor unknown constituents existed. However, the authors mentioned that other trials that used the same lot as the one used in the Phase 2 study had not experienced similar liver toxicities. The authors speculated that the hepatotoxicity could be related to unique genetic background of study participants, although the demographics show that participants in Phase 2 were matched to those in Phase 1 for race, age, and sex.
Higher plasma EGCG concentrations have been observed when Polyphenon E is administered under fasting conditions: a dose of 800 mg without food is well tolerated, but 1200 mg results in frequent nausea [73] . The FDA did not allow further human studies with Polyphenon E administered under fasting conditions because of high mortality observed in fasted dogs, as mentioned previously [116] . Thus, during initiation of the studies in patients with multiple sclerosis, 400 mg twice daily with food was the highest dose the FDA allowed for one month of study.
Much higher doses of Polyphenon E enriched with EGCG have been studied in patients with chronic lymphocytic leukemia, as mentioned previously in this review [82] . In both phase 1 and phase 2 clinical studies, patients received up to 2000 mg Polyphenon E twice daily for up to 6 months. In both studies, the most common side effects were liver-related symptoms including transaminitis and abdominal pain.
In a few of the studies included in this review, LFT elevations have been reported, but levels remained within the normal range. However, other signs of potential liver effects were often reported including abdominal discomfort. For example, 3 subjects had mild abdominal discomfort after GTE treatment that resolved naturally within the first week in a randomized, double-blind, placebo-controlled trial to study the efficacy and safety of high-dose GTE on weight reduction and changes of lipid profiles in 100 women. The total daily dose of EGCG in the GTE used in this study was 856.8 mg/day, and it was taken for 12 weeks, 30 min after meals [124] .
In an earlier study conducted by Chen and collaborators using the same GTE formulation and study design, one subject reported abdominal discomfort with treatment [125, 126] . This adverse effect also resolved within the first week of treatment. Similarly, in a phase 2 clinical trial in patients with light-chain amyloidosis treated with 1890 mg EGCG per day for 6 months, no abnormalities in LFTs were observed [127] . However, in the majority of clinical studies reviewed, there were observations that could be interpreted as related to effects on the liver.
In summary, the doses of GTE used across the studies reviewed varied greatly, resulting in potentially large variations in systemic exposure to EGCG. The LFTs monitored across studies were inconsistent with some studies monitoring only one liver toxicity endpoint while others have a complete evaluation of LFT. However, in the majority of clinical studies reviewed, there was some indication of an effect on the liver.
Evidence from case reports
A total of 75 cases published in 51 reports were identified, of which 34 had been included in our previous review of 2008 [18] . To eliminate the possible effects of other ingredients in the involved products, only cases associated with products containing GTE as a single ingredient (35 cases out of 75 cases) were analyzed to determine the causal relationship between the product and hepatotoxicity.
Of the 51 published reports of liver injury associated with intake of products containing GTE found during the literature search, [5] [6] [7] 12, ; fifteen articles describing 20 cases were reported in a non-English language and were translated to English by co-authors and then analyzed [42, 43, 45, [157] [158] [159] [160] [161] [162] [163] [164] [165] [166] [167] [168] [169] . All case reports were categorized into two groups; those associated with single ingredient dietary supplements (SIDS) (N = 35) and those associated with multiple ingredient dietary supplements (MIDS) (N = 40). Causality assessment was not done for the cases involving MIDS. To rule out confounding effects from other ingredients, only case reports associated with products containing GTE as a single ingredient were analyzed to determine the causal relationship between the product and hepatotoxicity.
Assessing causal relationship between liver injury and GTE intake
Causality assessment scoring was based on parameters and Table 5 Summary of causality assessment results for case reports. methodology described by Fontana et al. [26] . Cases that had a DILIN causality score for GTE ranging from 1 to 3 were considered confirmed drug-induced liver injury (DILI) cases and were further classified to be definite (4 cases), highly likely (11 cases), or probable (14 cases), corresponding with probabilities of 95 % or greater, 75-94 % and 50-74 % respectively with the likelihood of a causal association between the liver injury event and the GTE [24] (Table 5 ) (Detailed results are presented in OSM Table 2 , which shows causality assessment case details and results). Of the 35 cases related to SIDS products, one had insufficient data (score = 6) and could not be scored using either the DILIN method or the RUCAM scale. DILIN experts concluded that there was positive liver injury in 29 cases (Table 5) , scoring them as probably related to GTE (14 cases), highly likely related to GTE (11 cases) or definitely related to GTE (4 cases). Only four cases that had positive de-challenge and positive rechallenge were scored as definite.
Twenty-six cases involved concentrated GTE, nineteen of which excluded the involvement of other drugs. One case involved a 46-yearold woman who developed jaundice and had severe hepatocellular injury seven months after starting daily intake of extracts of Chinese green teas. Other possible causes such as underlying liver disease were ruled out. The amount of GTE used was not provided in the article. One of the authors, HL Bonkovsky, who was among the DILIN experts performing causality assessment in this review, communicated that all alternative explanations were reasonably ruled out and that the latency and recovery and clinical picture were typical of GTE hepatotoxicity [6] .
The Molinari case [146] involved a 44-year-old white woman who took 720 mg of GTE daily for 6 months and developed fulminant liver failure. All other possible causes were ruled out, and her liver injury was typical of other reported GTE-induced DILI in that the liver showed severe, albeit variable, hepatic necrosis with areas of relatively preserved hepatic parenchyma, areas showing centrilobular (zone 3) necrosis and bridging necrosis, and in other areas, panlobular or multilobular necrosis.
The Porcel case [148] of a 53-year old female who ingested 3 capsules daily of Fitofruit grasas acumuladas (the label indicated the product contained GTE but the amount was not provided) for 2 weeks one month prior to her liver injury also ruled out other risk factors such as hepatitis A, B, and C viruses, Epstein-Barr virus, cytomegalovirus, and lacked serologic evidence of auto-immune liver injury (negative antinuclear and antimitochondrial antibodies). However, no medical history was provided, and the course of illness was not clearly outlined.
Four cases were part of a case series reported by Björnsson and Olsson in 2007 [130] involving the intake of Cuur®, an herbal weightloss supplement containing 82 % ethanolic dry extract of green tea leaves. The duration of treatment before the manifestation of liver injury was 5-20 weeks, although the amount of extract ingested was not provided. Twelve of the cases involved the use of Exolise®; (Arkopharma), which, as already mentioned, reportedly caused liver injury and was subsequently banned in France and Spain in 2003 [42, 43] .
The DILIN experts also analyzed the cases using the RUCAM scale [28] [29] [30] 170] and determined that 29 cases had a RUCAM score of 6 or higher, corresponding to a probable or highly probable causality (same number of cases identified by DILIN methods assigned causality as, definite, highly likely or probable). These were not all the same as the cases that were identified by DILIN (with score of 3 or below described above). Three cases were recognized as probable by DILIN scoring but not by RUCAM: [138, 146, 148] . All three cases were well described but were missing information, had incomplete medical histories, and involved concurrent use of other medications. Although the use of other medications could be considered less likely to be involved because these medications had been used for long periods of time without adverse effects, their involvement and/or interaction with GTE could not be completely ruled out.
Liver injury associated with GTE
Most of the liver injury cases 22 out of 34 analyzed here occurred in women (Supplementary Information-OSM Table 2 ), raising the question of the role sex may play in influencing whether exposure to GT results in liver injury. Of the 34 cases that were judged to be causally related to GT preparations, twenty-seven were related to preparations containing GTE. Nine cases (out of 22 involving women) involved the use of GTE for weight-loss, whereas in one case GTE was used as therapy to prevent breast cancer recurrence. Notably, not all cases reported explicitly the reason for GT use. That most reported cases of liver injury involved women is probably a reflection of the higher use of dietary supplements by women as shown by a recent study of DS use among military service personnel [171] [172] [173] , as with previous studies that showed similar trends. Furthermore, surveys have shown that the use of dietary supplements for weight loss is more prevalent among women than men [174, 175] . Thus, this set of data does not give any indication that a particular sex or population is more susceptible to GTE-induced hepatotoxicity. Characteristics of liver injury observed in all cases reviewed here were hepatocellular or hepatitis, consistent with previous observations [13] (Supplementary Information CR-3). The median age of these patients was 51 years (20−81 years), however, no other demographic information was provided.
In her review of published cases of liver injury associated with herbs, Brown (2017) ranked green tea as the fourth herb among the herbs and dietary supplements associated with liver toxicity [176] . However, Brown's review did not perform causality assessment.
It can be estimated that millions of people ingested products containing GTE since early 2000, but only hundreds of DILI cases have been reported in the same period. Hu et al. reviewed data from 48 clinical studies that monitored adverse events related to the hepatobiliary system. They concluded that incidence of hepatotoxicity due to GT was approximately 4.9 %, calculated from elevated liver functions biomarkers in 111 events out of 2269 subjects who were consuming green tea preparations (including green tea, GTE, or individual catechins) [11] . However, the accuracy of any numerical estimation of prevalence is questionable because severe underreporting and product mislabeling are known to occur. Thus, there is not enough evidence to suggest a dose below which hepatotoxicity does not occur. In a recent review published at the same time as our review was being developed, Teschke and Xuan [27] , re-analyzed cases of suspected liver injury associated with GTE (many of which we have also analyzed here) and categorized the cases into three groups as "idiosyncratic" or "intrinsic herb induced liver injury" or "liver adaptation." The authors concluded that the benefit-to-risk assessment is negative and thus the use of GTE cannot be recommended, but they recommended no restrictions for the use of GT beverages [27] .
Navarro et al. reported that 40 % of 73 HDS that were linked to herbal-induced liver injury contained GTE; yet GTE was not always declared on the product labels [13] . Furthermore, it is notable that liver injury due to drugs or dietary supplements is severely under-reported. On the basis of 3667 cases identified from 2004 through 2013, it was estimated that 23,005 cases of emergency department visits were due to dietary supplements [177, 178] . However, this finding was criticized because the analysis included products such as homeopathic products, human growth hormone, and human chorionic gonadotropin, which are not dietary supplements [179] . The United States FDA generally estimates that at most, 10 % of adverse events for drugs are reported, with reporting of AERs associated with DS being much lower [180] . Some reasons for underreporting include the following: 1) the true cause of liver injury was not discovered; 2) observers of such reactions did not publish the results; 3) reports were submitted to journals but were rejected for publication; 4) observers do not report all instances of DS-induced liver injury to the FDA MedWatch reporting system. Additionally, it is also possible that some health care providers may not associate GTE with liver injury due to the general presumption of green tea safety.
As is the case for other drugs that cause idiosyncratic DILI [27, [181] [182] [183] , it is reasonable to expect that a patient's genetic predisposition plays a significant role in whether or not an individual develops liver injury following the intake of GTE. This expectation is supported by the results of a study in Diversity Outbred (DO) mice, a genetically heterogeneous mouse population, exposed to EGCG (50 mg/ kg; daily for three days). The study showed that the EGCG was well tolerated in the majority of the mice; however, some of the mice (16 %; 43/272) developed severe hepatotoxicity (10-86.8 % liver necrosis). This is an indication that a minor but appreciable percentage of the mouse population was susceptible to liver damage when exposed to EGCG at levels not harmful to the majority of the population [184] . If genetic factors affect the sensitivity to EGCG in humans similarly to what is observed in the DO mice, this may offer an explanation for the infrequently-observed severe DILI with jaundice. Further evidence supporting the hypothesis that patients' genetic predisposition may play a significant role in GTE induced liver injury was provided by a recent study in programmed death domain-1 (PD-1) knock-out mice engineered to mimic idiosyncratic drug-induced liver injury, which showed that EGCG can cause immune-mediated liver injury. In the study, PD-1 knockout mice were administered 250 mg/kg or 500 mg/kg of GTE (Applied Nutrition© Maximum Strength Green Tea Triple Fat Burner in rodent meal) for 6 weeks. PD-1 knock-out mice treated with the higher GTE dose of 500 mg/kg developed delayed onset increase in ALT, which was not observed in similarly treated wild-type mice [185] .
Interestingly, an earlier study that investigated the effects of EGCG on concanavalin A (ConA)-induced hepatitis (CIH) (a murine model of immune-mediated liver injury) showed that EGCG had a protective effect compared to non-treated mice. Mice that were pretreated with EGCG had lower ALT levels, reduced inflammatory infiltration, and hepatocyte apoptosis in the liver. Other studies have also demonstrated similar hepatoprotective effects of EGCG against ConA-induced liver injury, which has been hypothesized to be due to EGCG's anti-inflammatory and anti-oxidant properties [186] . Mice with CIH are an experimental model of immune-mediated liver disease in humans [187] , and the liver is characterized by massive hepatocellular degeneration and lymphoid infiltration [188] . It is important to point out that these observations have not been corroborated in humans. EGCG appears to display both damaging and protective effects as a cytokine modulator, which is not unusual and may be an indication of the involvement of other master cytokine regulators such as transforming growth factor beta (TGF beta). TGF beta plays a central role in modulating oxidative stress in the liver and human body and is known to participate in many stages of liver disease progression, including injury through inflammation and fibrosis, cirrhosis, and cancer [189] .
On the other hand, a recent study by Lambert in CF-1 mice examined the effect of pre-treatment with dietary EGCG on hepatotoxicity and systemic availability upon acute oral administration of EGCG [117] . Compared to control (vehicle-treated) mice, mice administered 750 mg/kg EGCG daily for three days showed an 80-fold increase in ALT. An increase in glutathione S-transferase mRNA was also observed. Pre-treatment with 3.2 mg EGCG/g diet for two weeks mitigated this response, resulting in a reduced elevation of plasma ALT by 75 %. These data suggest a putative mechanism by which EGCG in the GTE may mitigate pro-oxidant effects and may partly explain the observed variation in hepatotoxic response to GTE-containing dietary supplements [117] .
Discussion
The human cases reviewed herein involved the use of preparations containing green tea in a wide range of doses. GTE intake amounts ranged from 500 mg to 3000 mg which is about 250−1800 mg EGCG daily). The median intake amount was estimated at 720 mg/day (delivering 623 mg of EGCG daily). In most cases, the GTE had been taken daily for two or more weeks before onset of the acute liver injury, which in some cases occurred up to a month after stopping the intake of GTE. Most subjects involved in the DILI cases (21 out of 35) were using GTE for weight loss and likely had reduced food intake as well. This may be significant given the increased hepatotoxicity of EGCG preparations in fasted compared to fed dogs [107] . Individuals trying to lose weight are also likely be eating less food which may inadvertently mimic fasted conditions resulting in significantly increased bioavailability of EGCG.
Clinical studies have shown that when GTE is taken on an empty stomach, the bioavailability of EGCG is much higher than when taken with food. For example, in healthy subjects (ten per group), administered Polyphenon E at 800 mg as a single dose showed an unbound C max of EGCG in the fasting condition to be more than five times that obtained after administration of the same dose with food [72] . Other studies have shown that the AUC 0-8h for EGCG taken without food was significantly (P = 0.04) higher (by 3.9-fold) compared to when taken with food, potentially due to a higher oral bioavailability of EGCG when taken under fasting conditions [72, 93] . In the Minnesota study involving postmenopausal women (MGTT), the authors concluded that the phase 2 clinical trial clearly demonstrated that high-dose of GTE intake for approximately 12 months was associated with liver enzyme elevation; the intake of 843 mg of EGCG was well tolerated but 6.7 % of the women experienced an increase in ALT levels and 1.3 % experienced significant elevation in ALT. In other studies reviewed, the authors noted that in many of the cases showing increased ALT levels, other possible risk factors that may have contributed to the increased liver enzymes could have been involved [119, 120, 190] . The public should be informed about the potential risk of liver injury with a high, sustained dose of GTE as a dietary supplement, especially for those who are obese or have preexisting liver disease [17] . Obesity increases the risk of developing nonalcoholic fatty liver disease (NAFLD), or nonalcoholic steatohepatitis (NASH) [191] which may exacerbate the GTE induced liver injury. In the US, a study of 420 patients with NAFLD found that liver-related complications were the third most common cause of death among these patients [192] .
The information reviewed here, together with our previous review of 34 case reports [19] other publications on hepatotoxicity associated with products containing green tea [20, 133] , including a recent review by Teschke and Xuan, 2019 [27] and other reviews of case reports [12, 193] , indicate that GTE can cause liver injury. What remains unclear is the exact mechanism(s) by which GTE induces liver injury, and the level below which no liver injury occurs.
Previous clinical, animal and in vitro toxicology evaluations have implicated EGCG as the main GT constituent likely responsible for the hepatotoxicity of GTE. For example, Lambert et al. demonstrated in CF-1 mice that a single dose of EGCG 1500 mg/kg increased plasma ALT by 138-fold and reduced survival by 85 %. In CF-1 mice, dosing with EGCG once-daily caused hepatotoxicity and decreased survival; ALT levels were increased 184-fold following two once-daily doses of 750 mg/kg of EGCG. Treatment with high doses of EGCG resulted in moderate to severe hepatic necrosis [194] . A clinical study reported that relative to the day of administration, a > 60 % increase was observed in systemic exposure to EGCG following chronic oral administration of 800 mg EGCG or Polyphenon E once-daily for four weeks [72] . in vitro studies have also demonstrated that rat hepatocytes exposed to increasing EGCG concentrations during short periods of time caused cytotoxicity and increased cell death [92] .
The analysis of published case reports has its limitations in terms of incompleteness of information related to the onset of adverse events and ingestion of suspect product. Questions concerning intake amounts, duration of intake, and the temporal relationship between intake and onset of injury frequently remain unanswered. Most cases do not indicate the exact amount of GTE that was ingested nor the composition of the product. Additionally, the patient's underlying medical information or information on concomitant use of other medicines or dietary supplements is frequently missing.
The information that could be extracted from the case reports reviewed herein indicate that consumption of dietary supplements and food supplements containing GTE could lead to adverse effects on the liver, and these effects can occur within a wide range of EGCG intake amounts ranging from approximately 140 mg to ∼1000 mg/day EGCG. These intake levels are representative of the amounts of EGCG found in dietary supplement products. However, most published cases did not provide sufficient information to determine the actual intake levels of the GTE or EGCG, thus the relationship between levels of GTE/EGCG intake and liver injury could not be established. The range of intake of EGCG from dietary supplements containing concentrated GTE based on information from labels of products in the DSLD is 45-1575 mg/day 100 -4500 mg of GTE per day. These ranges lie within the intake levels that have been shown to be associated with DILI in the published case reports reviewed herein.
Based on our assessment, it is reasonable to conclude that risks of hepatotoxicity due to GTE intake are real, and exposure may lead to liver injury, including serious liver injury. Furthermore, the rather infrequent published reports of liver injury with jaundice, implying greater severity, and multiple factors impacting this outcome, contribute to the unpredictability of the association between liver injury and GTE intake. Genetic variability and bioavailability may explain the susceptibility to a wide range of doses reported in cases of induced liver injury following GTE intake and indicate that GTE induced liver injury may also be idiosyncratic in susceptible individuals, for example in the case of mother and daughter [134] . A recent review by Teschke and Xuan (2019) [27] also arrived at a similar conclusion.
Our study supports the inclusion of a statement in the USP GTE monograph cautioning users of GTE about the potential liver damaging effects of GTE especially when ingested under fasting conditions or in cases where there is underlying liver vulnerability. Given that animal studies show a clear association between liver injury and EGCG intake, product labels should also declare the amount of EGCG. Our review did not find sufficient data to determine a minimum level of GTE or EGCG that would cause liver injury in humans following the typical pattern of consumption in dietary supplements.
In 2017, Health Canada reviewed the potential risk of hepatotoxicity associated with GTE and strengthened the cautionary risk statement in their GTE monographs [195] . Norway also reviewed possible safety concerns associated with consumption of GTEs and concluded that intake of more than 0.4 mg EGCG/kg bw per day as a bolus may cause adverse biological effects and noted that there is increased susceptibility to toxicity when GTE or green tea infusion is taken following fasting [196] .
The 2018 EFSA review of catechins in GTE concluded that clinical studies indicate that intake of GTE as a food supplement delivering EGCG amounts equal or above 800 mg daily increased serum transaminases, which is indicative of liver injury. The review further concluded that it was not possible to identify an EGCG dose from GTEs that could be considered safe because in one case, intake of 375 mg of 80 % ethanolic extract resulted in hepatotoxicity [10] .
Concluding remarks
Our review shows a clear occurrence of severe hepatotoxicity from ingestion of GTE in humans albeit with very low frequency and further suggests that specific GT constituents, particularly EGCG and other catechins found in GTE, are likely to be involved in the observed hepatotoxicity. The recognized factors that can contribute to the hepatotoxic effects are the concentration of catechins in certain GTE-containing products [10, 34, 78] , the bolus dose provided by certain dosage forms such as capsules and tablets, and the intake of GTE under fasting conditions which increases the absorption of GTE constituents which has been observed in clinical [73] and animals studies [116] . Furthermore, genetic susceptibility, idiosyncrasy, and/or underlying liver health may play a role in whether the hepatotoxic effects are manifested. While dosing data and NOAELs from animal studies exist, the human evidence regarding dose-response is less robust, with hepatotoxicity occurring at doses below those observed in animal studies. The setting of a dose below which toxicity will not occur was deemed impractical due to a possible role of genetic factors and the idiosyncratic nature of hepatotoxicity in humans. Therefore, the overall weight-of-evidence from this review justifies inclusion of a label cautionary statement in the USP PDGTE ingredient monograph, which reads as follows: "Dosage forms prepared with this article should bear the following statement: 'Do not take on an empty stomach. Take with food. Do not use if you have a liver problem and discontinue use and consult a healthcare practitioner if you develop symptoms of liver trouble, such as abdominal pain, dark urine, or jaundice (yellowing of the skin or eyes).'"
Compliance with this label caution statement is mandatory only for products that claim compliance with USP quality standards for GTE such as PDGTE. Our findings are consistent with recently published reviews by EFSA [10] and Hu et al. [11] , and other global government authorities including Health Canada [195]194] and Norwegian Food Safety Authority (NFSA) [196] . 
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